Demand Constructs for Risk Analysis  by Lippai, I. & Wright, L.
 Procedia Engineering  89 ( 2014 )  640 – 647 
1877-7058 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of WDSA 2014
doi: 10.1016/j.proeng.2014.11.489 
ScienceDirect
Available online at www.sciencedirect.com
WK&RQIHUHQFHRQ:DWHU'LVWULEXWLRQ6\VWHP$QDO\VLV:'6$
'HPDQG&RQVWUXFWVIRU5LVN$QDO\VLV
,/LSSDLD/:ULJKWE
D:DWHU5HVRXUFHV&RQVXOWDQWUHWLUHG%XGDSHVW+XQJDU\
E6HQLRU(QJLQHHU$0(&(QYLURQPHQWDQG,QIUDVWUXFWXUH%RXOGHU&286$
$EVWUDFW
)RUFLQJ WKHDVVLJQHGGHPDQGVRQD V\VWHP WKDW ORVWDPDMRUSRUWLRQRI LWV VXSSO\PD\SURGXFHHUURQHRXV UHVXOWV VXFKDVXQUHDOLVWLFDOO\ ORZ
QHJDWLYHSUHVVXUHV$PRUHUHDOLVWLFPRGHOZRXOGDOORZIRUWKHSDUWLDOUHGXFWLRQRIGHOLYHUHGZDWHUZKHQWKHFDWDVWURSKLFDOO\LPSDLUHGQHWZRUN
FDQQRORQJHUGHOLYHU WKHDVVLJQHGGHPDQGV$QXPEHURIDX[LOLDU\SURJUDPVZHUHGHYHORSHG WRUHSODFHFRQYHQWLRQDOV\VWHPGHPDQGVZLWK
YDULRXVDOWHUQDWLYHGHPDQGFRQVWUXFWV7KHVHDOWHUQDWLYHGHPDQGFRQVWUXFWVZHUHWKHQXVHGWRLQYHVWLJDWHWKHLPSDFWRIFDWDVWURSKLFIDLOXUHRQ
PRGHOSHUIRUPDQFH)LYHGLIIHUHQWGHPDQGFRQVWUXFWVDUHSUHVHQWHGDSSOLHGWRDZDWHUV\VWHPPRGHODQGVXEMHFWHGWRFDWDVWURSKLFIDLOXUH
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH2UJDQL]LQJ&RPPLWWHHRI:'6$
.H\ZRUGV5LVNDQDO\VLVZDWHUGLVWULEXWLRQFDWDVWURSKLFIDLOXUH(3$1(7VLPXODWLRQGHPDQGDQDO\VLV
,QWURGXFWLRQ
:DWHUV\VWHPGLVWULEXWLRQPRGHOVEXLOWIRUSODQQLQJRUGHVLJQSXUSRVHVW\SLFDOO\LQFOXGHFRQYHQWLRQDOGHPDQGVWRUHSUHVHQW
V\VWHP LQ DQGRXWIORZ7KHSDUDPHWHUV RI WKHSODQQLQJRU GHVLJQPRGHO DUH VHW WRPHHWPLQLPXP V\VWHPSUHVVXUHV DQG OLPLW
H[FHVVLYH YHORFLWLHV ZKLOH PHHWLQJ ILUH IORZ UHTXLUHPHQWV EDVHG RQ DVVLJQHG FRQYHQWLRQDO GHPDQGV  &RQYHQWLRQDO GHPDQG
DVVLJQPHQWVDUHZHOOVXLWHGIRUWKHVHSODQQLQJDQGGHVLJQWDVNVEXWPD\EHXQVXLWDEOHIRURWKHUSRWHQWLDOXVHVRIWKHVDPHPRGHO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DQGXVHLWIRUFDWDVWURSKLFIDLOXUHDQDO\VLV
+\GUDXOLFGLVWULEXWLRQV\VWHPPRGHOVKDYHDZLGHUDQJHRIXVHV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7RXQGHUVWDQGWKHLPSRUWDQFHRIRQHSLSHRUDVHWRISLSHV WRWKHRYHUDOOSHUIRUPDQFHRIWKHV\VWHPDFDWDVWURSKLFIDLOXUH
DQDO\VLVPXVWEHSHUIRUPHG7KLVHIIHFWLYHO\³EUHDNV´RUFORVHVWKHSLSHLQTXHVWLRQWKHQRYHUDOOV\VWHPSHUIRUPDQFHZLWKRXWWKH
SLSHLQVHUYLFHPD\EHHVWLPDWHG5HFHQWZRUNE\/LSSDLDQG:ULJKW>@/LSSDL>@3DWKLUDQD>@DQG-XQDQG*XRSLQJ>@LQGLFDWH
WKDW''$PRGHOVGRQRWSURYLGHPHDQLQJIXOUHVXOWVXQGHUFRQGLWLRQVRIFDWDVWURSKLFIDLOXUH7\SLFDOO\XQUHDOLVWLFDOO\ORZSUHVVXUHV
DUHREVHUYHGLQD''$PRGHOZKHQIL[HGGHPDQGVDUHXVHGDQGPRGHORXWSXWVKRZVWKDWDOOGHPDQGVDUHXQUHDOLVWLFDOO\PHW7KLV
LVDQDUWLIDFWRIPDWKHPDWLFDOVROYHUXVHGLQWKHK\GUDXOLFPRGHOVDQGQRWDUHIOHFWLRQRIDFWXDOV\VWHPSHUIRUPDQFH7KLVSDSHU
GHPRQVWUDWHV KRZGHPDQG FRQVWUXFWVPD\ EH XVHG IRU ULVN DQDO\VLV RIZDWHU GLVWULEXWLRQ V\VWHPV GHVLJQHGZLWK FRQYHQWLRQDO
GHPDQGQRGHV7KHEDVLFSHUIRUPDQFHUHTXLUHPHQWVRIFRQYHQWLRQDOZDWHUGLVWULEXWLRQV\VWHPGHVLJQVDUH

x 7KHSUHVVXUHKHDGDWWKHGHPDQGQRGHVPXVWHTXDORUH[FHHGWKHUHTXLUHGPLQLPXPSUHVVXUHKHDGGXULQJPD[LPXPKRXUO\
GHPDQG
x 7KHUHVLGXDOSUHVVXUHDWHDFKILUHK\GUDQWPXVWHTXDORUH[FHHGWKHUHTXLUHGPLQLPXPUHVLGXDOSUHVVXUHKHDGZLWKWKHUHTXLUHG
ILUHGHPDQGDSSOLHGDWWKHILUHK\GUDQWVDQG
x 7KHV\VWHPVKRXOGEHUHOLDEOHDQGEHDEOHWRGHOLYHUDWOHDVWSDUWRIWKHGHPDQGZKLOHVRPHRILWVFRPSRQHQWVDUHWHPSRUDULO\
RXWRIVHUYLFH>@

0HWKRGV IRU GHWHUPLQLQJ DQG DVVLJQLQJ H[SHFWHG GHPDQGV WR WKH PRGHO GHPDQG QRGHV GHSHQG RQ DYDLODEOH GDWD  1HZ
GHYHORSPHQWV UHO\ RQ ZDWHU XVH HVWLPDWHV EDVHG RQ ODQG XVH GDWD RU RWKHU VXUURJDWH LQIRUPDWLRQ ZKLOH PRGHOV RI H[LVWLQJ
GHYHORSPHQWVUHO\RQDFWXDOZDWHUSURGXFWLRQRUFXVWRPHUPHWHULQJUHFRUGV$V\VWHPGHVLJQHGE\DPXOWLREMHFWLYHRSWLPL]DWLRQ
SURJUDPZLOOPHHWDOOGHVLJQUHTXLUHPHQWVDWDPLQLPDOV\VWHPFRVWLQFOXGLQJSUHGHILQHGH[SHFWDWLRQVRIUHOLDELOLW\7KHDVVLJQHG
GHPDQGVDUHDVVXPHG WREHVDWLVILHGHYHQZLWKVRPHSLSHV WHPSRUDULO\RXWRIVHUYLFH 7KHV\VWHPLV UHOLDEOH LISLSHFORVXUHV
FDXVHGE\EUHDNDJHRUPDLQWHQDQFHGRQRWXQGXO\LPSDFWWKHFXVWRPHUVDQGDOOGHPDQGVDUHPHWZLWKVRPHDFFHSWDEOHOHYHORI
SUHVVXUHORVV+RZHYHUGXULQJFDWDVWURSKLFIDLOXUHVWKHDYDLODEOHVXSSO\PD\QRWEHVXIILFLHQWWRPHHWWKHGHPDQG7KLVSDSHU
H[SORUHVYDULRXVGHPDQGFRQVWUXFWVIRUXVHLQFDVHRIFDWDVWURSKLFIDLOXUHV)RUWKLVSDSHUVXEMHFWLQJDSURSHUO\GHVLJQHGV\VWHP
WRFDWDVWURSKLFIDLOXUHLVQRWUHOLDELOLW\DQDO\VLVEXWUDWKHUULVNDQDO\VLV7KHPRGHOXVHGIRUWKLVLQYHVWLJDWLRQZDVDUHVLGHQWLDO
VXEGLYLVLRQGHYHORSPHQWWKDWZDVILUVWGHVLJQHGE\PXOWLREMHFWLYHRSWLPL]DWLRQWRPHHWV\VWHPUHTXLUHPHQWVLQFOXGLQJILUHIORZV
DQGUHOLDELOLW\
0HWKRGV
5LVNDQDO\VLVDQGFDWDVWURSKLFIDLOXUH
&RQYHQWLRQDO GHPDQG DVVLJQPHQWV LQ DPRGHO DUH ZHOOVXLWHG IRU GHVLJQ WDVNV7KLV LQFOXGHV FRQYHQWLRQDO GHVLJQ RUPRUH
DXWRPDWHGPXOWLREMHFWLYHRSWLPL]DWLRQ 'HVLJQ LVVXHV DUH W\SLFDOO\ UHVROYHG WKURXJK DQ LWHUDWLYHSURFHVV WKDW LQFOXGHV VL]LQJ
QHWZRUNHOHPHQWVDQGGHYHORSLQJWKHGHVLUHGQHWZRUNWRSRORJ\WKLVLWHUDWLYHSURFHVVLVWUDGLWLRQDOO\GRQHPDQXDOO\EXWPD\EH
DXWRPDWHGXVLQJPXOWLREMHFWLYHRSWLPL]DWLRQWHFKQLTXHV6\VWHPSHUIRUPDQFHXQGHUFDWDVWURSKLFIDLOXUHLVLQYHVWLJDWHGRQO\DIWHU
WKH V\VWHP LV SURSHUO\ GHVLJQHG ,W VKRXOG EH QRWHG WKDW PXOWLREMHFWLYH RSWLPL]DWLRQ PD\ LQFOXGH SLSH FORVXUH SHUIRUPDQFH
HVWLPDWHVWKDWWHVWWKHUHOLDELOLW\RIWKHV\VWHP+RZHYHUWKHVHSLSHFORVXUHVGRQRWUHSUHVHQWFDWDVWURSKLFIDLOXUHVDVVRFLDWHGZLWK
WKHORVVRIVHUYLFHWRODUJHQXPEHURIFXVWRPHUV5LVNDQDO\VLVWHFKQLTXHVDUHXVHGWRHVWLPDWHWKHPDJQLWXGHDQGH[WHQWRIVHUYLFH
ORVVLQWKHFDVHRIFDWDVWURSKLFIDLOXUHDQGWRGHYHORSULVNPLWLJDWLRQVWUDWHJLHV
5LVNDQGUHOLDELOLW\DUHWHUPVWKDWGRQRWPHDQWKHVDPHWKLQJVWRHYHU\RQH)RUWKHSXUSRVHVRIWKLVSDSHUULVNLVWKHSURGXFW
RI VHYHULW\ DQG IUHTXHQF\ DQG UHOLDELOLW\ LV WKH FXPXODWLYH GHQVLW\ IXQFWLRQ RI H[SHFWHG SHUIRUPDQFH5HOLDELOLW\PD\ EH RQH
REMHFWLYHXVHGLQDPXOWLREMHFWLYHGHVLJQDOJRULWKPDQGLVWKHUHIRUHGHVLJQHGLQWRWKHV\VWHPWRDVVXUHWKDWSLSHFORVXUHVGRQRW
VLJQLILFDQWO\LPSDFWVHUYLFHEH\RQGDSUHGHILQHGOHYHO&DWDVWURSKLFIDLOXUHDQDO\VLVLVFRQFHUQHGZLWKIDLOXUHVRIVXFKVHYHULW\
WKDWV\VWHPZLGHSHUIRUPDQFHLVLPSDFWHGEH\RQGDFFHSWDEOHGHVLJQOLPLWV8WLOLWLHVVKRXOGGHYHORSHPHUJHQF\SURFHGXUHVIRU
KDQGOLQJFDWDVWURSKLFIDLOXUHV7KHILUVWVWHSLVWREHWWHUXQGHUVWDQGZKDWWDNHVSODFHGXULQJFDWDVWURSKLFIDLOXUHVKDWFRQVWLWXWHVD
³FDWDVWURSKLFIDLOXUH´GHSHQGVRQWKHFULWLFDOLW\RIXVHDQGWKHVHYHULW\RIIDLOXUH8WLOLWLHVVKRXOGGHYHORSWKHLURZQFULWHULDDQG
VHWXSSURFHGXUHVIRUSUHYHQWLQJDQGOLPLWLQJGDPDJH7KHUHPD\EHVHYHUDOUHODWHGRUXQUHODWHGHYHQWVOHDGLQJWRFDWDVWURSKLF
IDLOXUHDQGHDFKQHHGWREHDQDO\]HGIRUSURSHUFRUUHFWLYHDFWLRQ
'HPDQGFRQVWUXFWV
6HH)LJRQSDJHRI(3$1(78VHU¶V0DQXDOIRUWKHSK\VLFDOFRPSRQHQWVRIDVLPSOHZDWHUGLVWULEXWLRQV\VWHP>@
-XQFWLRQVWDQNVUHVHUYRLUVSLSHVYDOYHVDQGSXPSVDUHSK\VLFDOFRPSRQHQWV7KHSXUSRVHRIWKHV\VWHPLVWRVHUYHWKHFXVWRPHUV
ZKRVHQHHGVDUHHVWLPDWHGDVGHPDQGVRQWKHV\VWHP7KHV\VWHPFRPSRQHQWVDUHVL]HGWRDVVXUHWKDWWKHHVWLPDWHGGHPDQGVDUH
PHWEXWWKHUHLVQRJXDUDQWHHWKDW WKHDVVLJQHGGHPDQGVFDQEHPHWLI WKHV\VWHPVXIIHUVDFDWDVWURSKLFIDLOXUH &RQYHQWLRQDO
GHPDQGDVVLJQPHQWVDUHQRWYDOLGZKHQWKHVXSSO\LVGLPLQLVKHGGXHWRFDWDVWURSKLFIDLOXUHRUVRPHRWKHULQWHUUXSWLRQRIWKHVXSSO\
&RQYHQWLRQDO GHPDQGV DUH RI OLWWOH XVH ZKHQ DQDO\]LQJ FDWDVWURSKLF IDLOXUH EHFDXVH WKH\ GR QRW DFFXUDWHO\ HVWLPDWH KRZ WKH
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GLPLQLVKHGVXSSO\ZLOOEHGLVWULEXWHGWKURXJKWKHV\VWHP8VLQJFRQYHQWLRQDOGHPDQGDVVLJQPHQWVGRHVQRWKHOSGHWHUPLQHZKDW
KDSSHQVWRWKHDVVLJQHGGHPDQGVZKHQWKHDYDLODEOHVXSSO\LVOHVVWKDQWKHDVVLJQHGGHPDQGV
'HPDQGFRQVWUXFWVDUHPRGHOHOHPHQWVGHVLJQHGWRUHDFWHTXLYDOHQWO\WRUHJXODUGHPDQGQRGHVGXULQJQRUPDORSHUDWLRQVEXW
UHDFWLQDPRUHUHDOLVWLFIDVKLRQGXULQJFDWDVWURSKLFIDLOXUHFRQGLWLRQV6\VWHPSHUIRUPDQFHXVLQJGHPDQGFRQVWUXFWVLVVWLOODQ
DSSUR[LPDWLRQEXWPRUHUHDOLVWLFWKDQFRQYHQWLRQDOGHPDQGV7KLVSDSHURIIHUVVHYHUDOSRWHQWLDOGHPDQGFRQVWUXFWVWRLOOXVWUDWH
WKHLPSDFWRIFDWDVWURSKLFIDLOXUHRQHVWLPDWHGZDWHUGHOLYHU\DQGKRZWKHXVHRIWUDGLWLRQDOGHPDQGQRGHVPD\EHPLVOHDGLQJ
7KHILYHFRQVWUXFWVGHPRQVWUDWHGEHORZDUH

x (PLWWHUV
x 3LSHVDQG(PLWWHU1RGHV
x )ORZ&RQWURO9DOYHV3LSHVDQG(PLWWHU1RGHV
x 3LSHVDQG5HVHUYRLUV
x )ORZ&RQWURO9DOYHV3LSHVDQG5HVHUYRLUV
'HPDQGFRQVWUXFWVZLWKHPLWWHUV
(PLWWHUVZHUHLPSOHPHQWHGIRU(3$1(7>@WRPRGHOIORZWKURXJKVSULQNOHUKHDGVDQGSLSHOHDNV$VVLJQHGGHPDQGVDUH
FRQYHUWHGWRHPLWWHUFRHIILFLHQWVIROORZLQJWKHVLPXODWLRQRIDSURSHUO\GHVLJQHGV\VWHP(TXDWLRQFRQYHUWVWKHSUHVVXUHDWWKH
GHPDQGQRGH+WRHPLWWHUFRHIILFLHQW.H
Q+
4.H   
:KHUH
.H  HPLWWHUFRHIILFLHQW
4  MXQFWLRQGHPDQGFRQYHUWHGWRHPLWWHUGLVFKDUJH
+  SUHVVXUHDWGHPDQGQRGH
Q  SRZHURI+GHIDXOWYDOXHLV
8QGHUQRUPDOFRQGLWLRQVUHSODFLQJWKHDVVLJQHGGHPDQGVZLWKHPLWWHUVSURGXFHVSUHVVXUHVLGHQWLFDOWRWKHRULJLQDOPRGHOZLWK
DVVLJQHGGHPDQGV $GLVDGYDQWDJH LV WKDW HPLWWHUV DOORZ IORZ UHYHUVDOZKHQ WKHSUHVVXUH DW WKH HPLWWHU LV QHJDWLYH 7KLV LV
JHQHUDOO\XQDFFHSWDEOHIRUDPRGHOFRQVWUXFWEHFDXVHGHPDQGVGRQRWW\SLFDOO\SHUIRUPDVVRXUFHV
'HPDQGFRQVWUXFWVZLWKSLSHVDQGHPLWWHUQRGHV
7KHIORZUHYHUVDOSUREOHPLVFRUUHFWHGE\DGGLQJSLSHVZLWKFKHFNYDOYHVDQGHPLWWHUQRGHV WR UHSODFH WKHGHPDQGVDW WKH
GHPDQGQRGHV6HH)LJIRUUHSODFLQJWKHGHPDQGZLWKSLSHDQGHPLWWHUQRGH7KLVFRUUHFWVWKHHPLWWHUIORZUHYHUVDOSUREOHP


)LJ5HSODFHGHPDQGZLWKSLSHDQGHPLWWHUQRGH
'HPDQGFRQVWUXFWVZLWKIORZFRQWUROYDOYHVSLSHVDQGHPLWWHUQRGHV
&XVWRPHUVRIWHQUHVSRQGWRUHGXFHGSUHVVXUHE\RSHQLQJYDOYHVWRJHWWKHVDPHIORZDWUHGXFHGSUHVVXUHWKH\SUHYLRXVO\JRW
ZLWKQRUPDOSUHVVXUH+RZHYHUHYHQIXOO\RSHQHGYDOYHVFDQQRWFRPSHQVDWHZKHQWKHSUHVVXUHGURSVHQRXJKWRFDXVHWKHIORZWR
GHFUHDVHDVWKHSUHVVXUHGHFUHDVHV7KH)&9SLSHDQGHPLWWHUQRGHGHPDQGFRQVWUXFWLVXVHGWRPRGHOWKLVFRQGLWLRQ6HH)LJ
IRUUHSODFLQJWKHGHPDQGZLWKIORZFRQWUROYDOYH)&9SLSHDQGHPLWWHUQRGH

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
)LJ5HSODFHGHPDQGZLWKIORZFRQWUROYDOYHSLSHDQGHPLWWHUQRGH
6HH)LJIRUFRPSDULQJHPLWWHUDQG)&9UHVSRQVHWRSUHVVXUHYDULDWLRQ7KHYDOXHRI'HPDQG&RHIILFLHQW)DFWRUH)DFWRULV
XVHGWRGHILQHWKHUHVHUYHIXOO\RSHQFDSDFLW\RIWKHGHPDQGFRQVWUXFW


)LJ(PLWWHUDQG)&9UHVSRQVHWRSUHVVXUHH)DFWRU 
7KLVGHPDQGFRQVWUXFWUHVSRQGVZLWKPRUHIOH[LELOLW\WRFRPSRQHQWIDLOXUHWKDQWKHRWKHUGHPDQGFRQVWUXFWVEHFDXVHWKHGHVLUHG
GHPDQGFDQVWLOOEHGHOLYHUHGHYHQZLWKOHVVWKDQWKHGHVLJQYDOXHRIDYDLODEOHSUHVVXUH
'HPDQGFRQVWUXFWVZLWKSLSHVDQGUHVHUYRLUV
3LSHVDQGUHVHUYRLUVPD\EHFRQILJXUHGDVDUHSUHVHQWDWLRQRIDGHPDQGQRGHLQDVLPLODUZD\WKDWSLSHVDQGHPLWWHUQRGHVPD\
EHFRQILJXUHGIRUGHPDQGUHSUHVHQWDWLRQ(TXDWLRQFRQYHUWVKHDGORVV+WRKHDGORVVFRHIILFLHQW.KZKHUH.KLVWKHFRQQHFWLQJ
SLSHKHDGORVVFRHIILFLHQW


9
J+ .K   
:KHUH
+  SUHVVXUHDWWKHGHPDQGMXQFWLRQ
.K  KHDGORVVFRHIILFLHQW
9  YHORFLW\LQWKHFRQQHFWLQJSLSH PV
J  DFFHOHUDWLRQRIJUDYLW\ PV

6HH)LJIRUUHSODFLQJWKHGHPDQGZLWKSLSHZLWKKHDGORVVFRHIILFLHQW.KDQGUHVHUYRLU

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
)LJ5HSODFHGHPDQGZLWKSLSHDQGUHVHUYRLU
$QHDUOLHUGHPDQGEDVHGUHOLDELOLW\VWXG\>@XVHGSLSHIULFWLRQKHDGORVVLQVWHDGRIORVVFRHIILFLHQWVWRUHSODFHGHPDQGVZLWK
GHPDQGFRQVWUXFWV
'HPDQGFRQVWUXFWVZLWKIORZFRQWUROYDOYHVSLSHVDQGUHVHUYRLUV
7KH)&9SLSHDQGUHVHUYRLUGHPDQGFRQVWUXFWZDVXVHGIRUDULVNDQDO\VLVRIWKH=RQH:DWHU'LVWULEXWLRQ6\VWHP>@7KH
³'\QDPLFGHPDQGFRQVWUXFW´DQGLWVDSSOLFDWLRQLVH[SODLQHGDQGGHPRQVWUDWHGLQWKHSDSHU6HH)LJIRUUHSODFLQJWKHGHPDQG
ZLWKIORZFRQWUROYDOYHSLSHDQGUHVHUYRLU


)LJ5HSODFHGHPDQGZLWKIORZFRQWUROYDOYHSLSHDQGUHVHUYRLU
6PDOOV\VWHPFDVHVWXG\
7HVWLQJRIFRQYHQWLRQDOGHPDQGDQGGHPDQGFRQVWUXFWVRQWKH:ROI&RGHUD5DQFKZDWHUPRGHO
7KHGHVLJQRIWKH:ROI&RGHUD5DQFK:&5ZDWHUV\VWHPE\PXOWLREMHFWLYHRSWLPL]DWLRQLVGHVFULEHGLQGHWDLOLQ/LSSDL>@
6HH)LJIRUV\VWHPSUHVVXUHXQGHUPD[LPXPGD\GHPDQG0''RI:&5


)LJ:ROI&RUGHUD5DQFKZDWHUPRGHOV\VWHPSUHVVXUHVZLWK0''
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7KHPDLQUHVHUYRLUGLVFKDUJH3LSHLV/36/LWHUVSHU6HFRQGDERRVWHUSXPS3XPSGHOLYHUV/36
RIWRWDOGHPDQGWRWKHSUHVVXUH]RQH3UHVVXUH]RQHSUHVVXUHUHGXFLQJYDOYHV9DOYHVDQGGRQRWGLVFKDUJH7KHVH
YDOYHVSURWHFWWKHSUHVVXUH]RQHIURPH[FHVVLYHSUHVVXUHVZKHQWKHILUHSXPSLVUXQQLQJ7KHFRQQHFWLRQWRWKH&RORUDGR6SULQJV
8WLOLWLHV&68PPPDLQDWWKHXSSHUOHIWVLGHRIWKHGHYHORSPHQWLVIRUHPHUJHQF\ILUHSURWHFWLRQRQO\,WLVUHSUHVHQWHGZLWK
DPHWHURYHUIORZHOHYDWLRQUHVHUYRLU5HVHUYRLUDQGDSUHVVXUHUHGXFLQJYDOYH9DOYH7KHHPHUJHQF\VXSSO\
FRQWURO SUHVVXUH UHGXFLQJ YDOYH 9DOYH  IURP&68GLVFKDUJHV RQO\ WR KHOSZLWK ODUJH ILUH GHPDQGV IRU WKH FRPPHUFLDO
GHYHORSPHQWVORFDWHGRQWKHOHIWVLGHRIWKH:&57KHZDWHUPRGHOFRQVLVWVRISLSHVMXQFWLRQVGHPDQGQRGHV
K\GUDQWVUHVHUYRLUVSXPSVDQGYDOYHV-XQFWLRQLVORFDWHGQHDUWKHFHQWHUWRSRIGHYHORSPHQWDWHOHYDWLRQ
PHWHUV7KHDVVLJQHGGHPDQGLV/367KHSUHVVXUHXQGHU0''VLPXODWLRQLVPHWHUV7KHSUHVVXUHDQGGLVFKDUJHDW
WKLVMXQFWLRQZLOOEHPRQLWRUHGIRUFRQYHQWLRQDOGHPDQGVDQGIRUHDFKGHPDQGFRQVWUXFW
&DWDVWURSKLFIDLOXUH
)RUWKHSXUSRVHVRIWKLVVWXG\FDWDVWURSKLFIDLOXUHLVDVVXPHGWRRFFXUZKHQWKH&68ZDWHUV\VWHPVXSSO\LVUHGXFHGIURP
/36WR/36DUHGXFWLRQRIDYDLODEOHVXSSO\7KHUHGXFHGVXSSO\ZLOOEHDOORFDWHGWRWKHORZHUGHYHORSPHQWDQG
WRWKHSUHVVXUH]RQH
3UHVVXUH=RQH7KHIORZFRQWUROYDOYH)&9LVVHWWR/36WROLPLWWKHVXSSO\WRWKHSUHVVXUH]RQH7KLVLVDFFRPSOLVKHG
E\ ILOOLQJ WKH0DLQ5HVHUYRLUGXULQJ WKHQLJKWDQGDOORZLQJ WKHERRVWHUSXPS3XPS WRVXSSO\RISUHVVXUH]RQH
GHPDQGGXULQJWKHGD\IURPWKH0DLQ5HVHUYRLU
/RZHU'HYHORSPHQW2SHQ3XPSVDQGRI0DLQ3XPS6WDWLRQDQGVHWIORZFRQWUROYDOYH)&9GLVFKDUJHWR
/367KLVUHGXFHVWKHDYDLODEOHIORZIURP&68WRWKHORZHUGHYHORSPHQWWRRIGHPDQG7KHWRWDOUHVWULFWHGVXSSO\RI
/36LVRI/36PD[LPXPGDLO\GHPDQG
7KHHPHUJHQF\VXSSO\LVQRWDFWLYDWHGGXULQJULVNDQDO\VLVEHFDXVHLWVRQO\IXQFWLRQLVWRSURYLGHZDWHUIURPWKHPP&68
PDLQGXULQJ ODUJH ILUH GHPDQGV7KH LPSDFW RI FDWDVWURSKLF IDLOXUHRQ V\VWHPSHUIRUPDQFH LV VKRZQXVLQJERWK FRQYHQWLRQDO
GHPDQGVDQGVHYHUDOGHPDQGFRQVWUXFWV(3$1(7>@DQGWKHDXWKRU¶VFXVWRPDX[LOLDU\SURJUDPVDUHXVHGIRUGHPRQVWUDWLQJ
FDWDVWURSKLFIDLOXUHXVLQJILYHGLIIHUHQWGHPDQGFRQVWUXFWV
&DWDVWURSKLFIDLOXUHZLWKFRQYHQWLRQDOGHPDQGV
6HH)LJIRUV\VWHPSUHVVXUHVGXULQJFDWDVWURSKLFIDLOXUHZLWKFRQYHQWLRQDOGHPDQGV&RQYHQWLRQDOGHPDQGVGRQRWFKDQJH
RU DGMXVW XQGHU FDWDVWURSKLF IDLOXUH FRQGLWLRQV  7KH QHWZRUN VROYHU LQ(3$1(7 HYDOXDWHV V\VWHPSUHVVXUHV DV LI WKH DSSOLHG
GHPDQGVZHUHIXOO\VDWLVILHG7KHPRGHOIDOVHO\LQGLFDWHVWKDWRIV\VWHPGHPDQGLVPHW:KHQWKHVXSSO\LVOHVVWKDQWKH
GHPDQGWKHQHWZRUNVROYHUSURGXFHVODUJHQHJDWLYHSUHVVXUHVDQGLVVXHVZDUQLQJPHVVDJHV
:$51,1*1HJDWLYHSUHVVXUHVDWKUV
:$51,1*6\VWHPXQEDODQFHGDWKUV


)LJ±&DWDVWURSKLF)DLOXUHZLWK&RQYHQWLRQDO'HPDQGV
&DWDVWURSKLFIDLOXUHZLWKHPLWWHUV
7KHGLIIHUHQFHLQV\VWHPUHVSRQVHWRFDWDVWURSKLFIDLOXUHZLWKFRQYHQWLRQDOGHPDQGVDQGHPLWWHUVLVVWULNLQJ:LWKFRQYHQWLRQDO
GHPDQGVDOORIGHPDQGQRGHVKDYHH[WUHPHO\KLJKQHJDWLYHSUHVVXUHV%\FRQWUDVWZLWKHPLWWHUVRQO\GHPDQGQRGHV
KDYHQHJDWLYHSUHVVXUHVRIGHPDQGLVPHW7KHUHVXOWVDSSHDUIHDVLEOHDQGXVHIXO IRUGHYHORSLQJVWUDWHJLHVIRUVXSSO\LQJ
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FXVWRPHUVZKRORVHVHUYLFHGXULQJDFDWDVWURSKLFIDLOXUHEXWDSSHDUDQFHVDUHGHFHLYLQJ(PLWWHUVDUHQRWVXLWHGIRUFDWDVWURSKLF
IDLOXUHPRGHOLQJEHFDXVHQHJDWLYHSUHVVXUHHPLWWHUVDOORZIORZUHYHUVDOVIORZLQWRWKHV\VWHP7KHDGGLWLRQDOVXSSO\IURPIORZ
UHYHUVDOVDWQHJDWLYHSUHVVXUHHPLWWHUVIDOVHO\DGGV/36WRWKHVXSSO\IDOVHO\LQFUHDVHVWKHDYDLODEOHVXSSO\WR/36DQG
IDOVHO\LQFUHDVHVWKHGLVFKDUJHRISRVLWLYHSUHVVXUHHPLWWHUV:KLOHWKHXVHRIHPLWWHUVLVDQLPSURYHPHQWRYHUFRQYHQWLRQDO
GHPDQGVWKHIORZUHYHUVDOVDUHDPDMRUSUREOHP,QWKHLUSUHVHQWIRUPHPLWWHUVDUHXQDFFHSWDEOHIRUULVNDQDO\VLV
&DWDVWURSKLFIDLOXUHZLWKSLSHVDQGHPLWWHUQRGHV
7KHFRQYHQWLRQDOGHPDQGVZHUHDXWRPDWLFDOO\ UHSODFHGXVLQJFXVWRPFRGHZULWWHQ IRU WKLV UHVHDUFKZLWKSLSHVDQGHPLWWHU
QRGHV)URPWKHGHPDQGQRGHVGHPDQGQRGHVUHFHLYHVRPHRUDOORIWKHLUGHPDQGZKLOHGHPDQGQRGHVUHFHLYH
QRQHDQGRIV\VWHPGHPDQGLVPHW9DOYHVDQGDUHFORVHG
&DWDVWURSKLFIDLOXUHZLWKIORZFRQWUROYDOYHVSLSHVDQGHPLWWHUQRGHV
6HH)LJIRUV\VWHPSUHVVXUHVGXULQJFDWDVWURSKLFIDLOXUHZLWKFRQYHQWLRQDOGHPDQGVUHSODFHGZLWKIORZFRQWUROYDOYHVSLSHV
DQGHPLWWHUQRGHV


)LJ&DWDVWURSKLFIDLOXUHZLWK)&9VSLSHVDQGHPLWWHUQRGHV
7KHWUDGLWLRQDOGHPDQGQRGHVLQWKHV\VWHPZHUHDXWRPDWLFDOO\UHSODFHGXVLQJFXVWRPFRGHZULWWHQIRUWKLVUHVHDUFKZLWKFRQWURO
YDOYHVSLSHVDQGHPLWWHUQRGHVH)DFWRU ZDVXVHGWRGHVLJQWKHGHPDQGFRQVWUXFWV)URPWKHGHPDQGQRGHV
GHPDQGQRGHVUHFHLYHVRPHRUDOORIWKHLUGHPDQGZKLOHGHPDQGQRGHVUHFHLYHQRQHRIV\VWHPGHPDQGLVPHW
&DWDVWURSKLFIDLOXUHZLWKSLSHVDQGUHVHUYRLUV
,Q WKLV FRQVWUXFW GHPDQG QRGHV DUH UHSODFHG ZLWK UHVHUYRLUV DW WKH VDPH HOHYDWLRQ DQG FRQQHFWLQJ SLSHV ZLWK KHDGORVV
FRHIILFLHQWVDQGFKHFNYDOYHVWRSUHYHQWIORZUHYHUVDO7KHV\VWHPUHVSRQVHZLWKSLSHVDQGUHVHUYRLUVXQGHUFDWDVWURSKLFIDLOXUHLV
YHU\VLPLODUWRV\VWHPUHVSRQVHZLWKSLSHVDQGHPLWWHUQRGHV9DOYHVDQGDUHFORVHG)URPWKHGHPDQGQRGHV
GHPDQGQRGHVUHFHLYHVRPHRUDOORIWKHLUGHPDQGZKLOHGHPDQGQRGHVUHFHLYHQRQH7KLVLVLQFORVHDJUHHPHQW
ZLWKSLSHVDQGHPLWWHUQRGHVRIV\VWHPGHPDQGLVPHW,QWKHSDVWSLSHVDQGUHVHUYRLUVZHUHXVHGIRUULVNDQDO\VLVZLWK
(3$1(7EHIRUH(3$1(7LPSOHPHQWHGHPLWWHUV
&DWDVWURSKLFIDLOXUHZLWKIORZFRQWUROYDOYHVSLSHVDQGUHVHUYRLUV
)URPWKHGHPDQGQRGHVGHPDQGQRGHVUHFHLYHVRPHRUDOORIWKHLUGHPDQGZKLOHGHPDQGQRGHVUHFHLYH
QRQHRIV\VWHPGHPDQGLVPHW
&RQFOXVLRQV
5LVN DQDO\VLV LVPXFK WRR LPSRUWDQW WR UHO\RQ UHVXOWV REWDLQHG WKURXJK LQFRUUHFW DVVXPSWLRQV9DULRXVGHPDQGFRQVWUXFWV
SUHVHQWHGKHUHLQGHPRQVWUDWHWKHHDVHRIFRQYHUWLQJFRQYHQWLRQDOGHPDQGVWRGHPDQGVPRUHVXLWHGIRUULVNDQDO\VLV7KHGHPDQG
FRQVWUXFWVSUHVHQWHGQDUURZWKHJDSEHWZHHQPRGHOUHVXOWVDQGDFWXDOV\VWHPUHVSRQVHGXULQJFDWDVWURSKLFV\VWHPIDLOXUHV7KH
QHJDWLYHSUHVVXUHV JHQHUDWHG IRU FDWDVWURSKLF FRQGLWLRQVSUHGLFWHGZLWK FRQYHQWLRQDO GHPDQGV DUHPXFKPRUH VHYHUH WKDQ IRU
GHPDQGFRQVWUXFWV&RQYHQWLRQDOGHPDQGVIDOVHO\LQGLFDWHWKDWDOOGHPDQGVDUHPHWZKHQLQUHDOLW\WKH\DUHQRW8VLQJDQ\RQH
647 I. Lippai and L. Wright /  Procedia Engineering  89 ( 2014 )  640 – 647 
RIWKHGHPDQGFRQVWUXFWVSUHVHQWHGZRXOGEHSUHIHUDEOHWRFRQYHQWLRQDOGHPDQGVEXWSLSHVDQGHPLWWHUQRGHVDSSHDUEHVWVXLWHG
7KHUHVXOWVIRUSLSHVDQGHPLWWHUQRGHVDQGSLSHVDQGUHVHUYRLUVDUHFORVHGXHWRWKHVLPLODULWLHVEHWZHHQWKHPHWKRGVWKDWHPLWWHU
FRHIILFLHQWVDQGKHDGORVVFRHIILFLHQWVDUHFRPSXWHG7KHUHVXOWVIRUIORZFRQWUROYDOYHVSLSHVDQGHPLWWHUQRGHVDQGIORZFRQWURO
YDOYHV SLSHV DQG UHVHUYRLUV EHWWHU VLPXODWH FXVWRPHU UHVSRQVH WR UHGXFHG SUHVVXUH KRZHYHU WKLV FRPHV ZLWK DQ LQFUHDVHG
FRPSXWDWLRQDOFRVW1HJDWLYHSUHVVXUHVDUHJHQHUDOO\XQDFFHSWDEOHEXWZLWKWKHGHPDQGFRQVWUXFWVSUHVHQWHGKHUHLQWKHQHJDWLYH
SUHVVXUHVDUHQRWH[FHVVLYHDQGLQGLFDWHZKLFKFXVWRPHUVUHFHLYHQRZDWHU7KHGHVLJQDQGRSHUDWLQJVWDIIQHHGWRMRLQWO\GHWHUPLQH
KRZ WR VXSSOHPHQW WKH VXSSO\ WR WKRVH QHJDWLYHSUHVVXUH FXVWRPHUV ZKR UHFHLYH QRZDWHU 9ROXQWDU\ UHGXFWLRQ HPHUJHQF\
VXSSOLHVRUUDWLRQLQJPD\EHYLDEOHVKRUWWHUPRSWLRQV,QVRPHFDVHVV\VWHPLPSURYHPHQWVPD\EHUHTXLUHG
'HPDQGFRQVWUXFWVZLWKSLSHVDQGHPLWWHUVSURYLGHWKHEHVWK\GUDXOLFFRQYHUJHQFHDQGVWDELOLW\LQGLFDWLQJWKDWWKH\DUHVXSHULRU
WRWKHRWKHUGHPDQGFRQVWUXFWV(PLWWHUVLPSOHPHQWHGIRU(3$1(7>@DUHSURPLVLQJIRUULVNDQDO\VLVEXWVRPHPRGLILFDWLRQV
DUHQHFHVVDU\7KHVWDWHGSXUSRVHRIHPLWWHUVLV³WRPRGHOIORZWKURXJKVSULQNOHUKHDGVRUSLSHVOHDNV´,WZRXOGEHKHOSIXOLI
HPLWWHUVFRXOGEHPRGLILHGWRSUHYHQWIORZUHYHUVDO)ORZUHYHUVDOIRUULVNDQDO\VLVLVQRWDFFHSWDEOH$QRWKHUXVHIXOIHDWXUHZRXOG
EHLISDWWHUQVFRXOGEHDVVLJQHGWRHPLWWHUV 7KDWZRXOGDOORZWKHGHVLJQHUWRFKDQJHHPLWWHUGLVFKDUJHFRHIILFLHQWVGXULQJDQ
H[WHQGHGSHULRGVLPXODWLRQRUULVNDQDO\VLV
5HFRPPHQGDWLRQV
,WLVUHFRPPHQGHGWKDWWKH(3$1(7HOHPHQW³(PLWWHUV´EHPRGLILHGWRLQFOXGHDFKHFNYDOYHRSWLRQWRSUHYHQWIORZUHYHUVDO
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